Abstract: Lake Urmia is the 20th largest lake and the second largest hyper saline lake (before September 2010) in the world. It is also the largest inland body of salt water in the Middle East. Nevertheless, the lake has been in a critical situation in recent years due to decreasing surface water and increasing salinity. This study modeled the spatiotemporal changes of Lake Urmia in the period 2000-2013 using the multi-temporal Landsat 5-TM, 7-ETM+ and 8-OLI images. In doing so, the applicability of different satellite-derived indexes including Normalized Difference Water Index (NDWI), Modified NDWI (MNDWI), Normalized Difference Moisture Index (NDMI), Water Ratio Index (WRI), Normalized Difference Vegetation Index (NDVI), and Automated Water Extraction Index (AWEI) were investigated for the extraction of surface water from Landsat data. Overall, the NDWI was found superior to other indexes and hence it was used to model the spatiotemporal changes of the lake. In addition, a new approach based on Principal Components of multi-temporal NDWI (NDWI-PCs) was proposed and evaluated for surface water change detection. The results indicate an intense decreasing trend in Lake Urmia surface area in the period 2000-2013, especially between 2010 and 2013 4174 lake lost about one third of its surface area compared to the year 2000. The results illustrate the effectiveness of the NDWI-PCs approach for surface water change detection, especially in detecting the changes between two and three different times, simultaneously.
agricultural activities [31] . The lake is currently in a critical situation as a consequence of decreasing surface water area and increasing salinity. To facilitate expanding agricultural activities 35 dams have been constructed on 21 rivers flowing to the lake [29] . These dams, the exploitation of ground water and increased water demand for industrial and domestic uses, being intensified by a long period of drought, have been the major factors contributing to the shrinkage of the lake surface area [31] . It is vital to monitor decline of the lake surface area as regular monitoring can provide the basis for understanding the human influence on the lake so as to more effectively manage it.
This study aimed to model the spatiotemporal changes of Lake Urmia in the period 2010-2013 using multi-temporal Landsat ETM+, TM, and OLI data. Different surface water extraction techniques were initially examined and the most suitable technique was used to detect and map the spatiotemporal changes of the lake. In addition, a novel surface water change detection approach, based on Principal Components of multi-temporal Normalized Difference Water Index (NDWI-PCs), was developed and evaluated.
Materials and Methods
In order to achieve the aims of the study, the following tasks were performed: study area definition, data collection, image pre-processing, comparison of different satellite-derived indexes for surface water detection, extraction of the lake surface area in each image, developing the NDWI-PCs approach, and change detection and modeling. Figure 1 shows the overall methods adopted in this study to detect the lake surface area changes. 
Study Area
Lake Urmia (Urumiyeh in Persian), bound by 37°03′N to 38°17′N and 44°59′E to 45°59′E, has a maximum depth of 16 m and is about 140 km long and 40-55 km wide [29] . The lake is a shallow and saline lake that is located in the northwest of Iran. Lake Urmia has a total catchment area of approximately 51,876 km 2 that is about 3.2% of the size of Iran, and it represents about 7% of the country's surface water [30] . The maximum surface area of the lake has been estimated to be about 6100 km 2 , but since 1995, it has been constantly declining and reached 2366 km 2 in August of 2011 [32] .
About 60 rivers (permanent and episodic) are found in the catchment area of the lake all of which flow through agricultural, industrial and urban areas normally without waste water treatment [30, 33] . The climate of the lake basin is characterized by cold winters and relatively temperate summers, being influenced by the mountains surrounding the lake [33] .
Data Set
Three scenes of Landsat-7 ETM+ data acquired in August 2000, two scenes of Landsat-5 TM data acquired in September 2003, three scenes of Landsat-5 TM data acquired in September 2007, three scenes of Landsat-5 TM data acquired in July 2010, and one scene of Landsat-8 OLI image acquired in August 2013 were obtained from the US Geological Survey (USGS) Global Visualization Viewer. All the images are obtained for the same season (summer). The obtained Landsat data (Level 1 Terrain Corrected (L1T) product) were pre-georeferenced to UTM zone 38 North projection using WGS-84 datum. The other necessary corrections were performed in this study. Table 1 presents the specifications of Landsat TM, ETM+ and OLI images. 
Image Pre-Processing
To prepare the input satellite images for further processing, the following pre-processing steps were performed: radiometric calibration, atmospheric correction, mosaicking, co-registration, and resampling. Radiometric calibration and atmospheric correction were conducted according to [34] . In doing so, the obtained images were converted to at-satellite radiance using the Landsat calibration tool in ENVI 4.8. After conversion to at-satellite radiance, each image was converted to at-satellite reflectance. The required information including the Data Acquisition Date and Sun Elevation was obtained from the Landsat header files. At last, the Dark Object Subtraction (DOS) method [35] , was employed to convert at-satellite reflectance to surface reflectance for full absolute correction.
Subsequently, the images of each year were mosaicked to generate new images covering the entire study area. For this purpose, the mosaicking tool based on georeferenced images was used. For co-registration of the multi-temporal images, one of the images was used as the reference to register the other images. The input images were co-registered with a Root Mean Square Error (RMSE) of less than 0.5 pixels using the manual image to image co-registration method. Around 25 control points were selected for co-registration of each image with the reference image. Finally, the dataset were resampled to the same size of the study area using the Nearest Neighbor method.
Comparison of Different Feature Extraction Techniques for Surface Water Extraction
In order to detect the surface area changes of Lake Urmia in the period 2000-2013, the water surface of the lake in each temporal image was extracted individually. In doing so, the performances of different satellite-derived indexes including Normalized Difference Water Index (NDWI) [24] , Normalized Difference Moisture Index (NDMI) [36] , Modified Normalized Difference Water Index (MNDWI) [18] , Water Ratio Index (WRI) [37] , Normalized Difference Vegetation Index (NDVI) [38] , and Automated Water Extraction Index (AWEI) [39] were examined for the extraction of surface water from Landsat data ( Table 2) .
In this respect, the NDWI, NDMI, MNDWI, WRI, NDVI, and AWEI indexes were calculated from Landsat ETM+ 2000 and TM 2010 images (as a sample) to evaluate their performances for the extraction of surface water. A land-water threshold was manually applied to classify the images into two classes, land and water. Suitable land-water thresholds for each index were determined through trial and error and comparison to reference maps generated using visual interpretation. For visual interpretation of water bodies, the near-infrared (NIR) band is usually preferred, because NIR is strongly absorbed by water and is strongly reflected by the terrestrial vegetation and dry soil [16] . Thus, band 4 of Landsat data was selected in this study due to its higher ability to discriminate water and dry/land areas. The reference maps were generated utilizing careful on-screen digitizing of the lake surface area in multi-temporal Landsat ETM+ 2000 and TM 2010 images (band 4) using visual interpretation. 
Surface Water Change Detection Using the Most Suitable Water Feature Extraction Technique
The feature extraction technique, identified as the best option for water features extraction, was employed to model the spatiotemporal changes of Lake Urmia in the period 2000-2013 using the multi-temporal Landsat ETM+ 2000, TM 2003, TM 2007, TM 2010, and OLI 2013 images. To achieve this, the selected index was calculated, analyzed and classified independently (using image-specific thresholds) to extract the lake surface area in each year. Finally, the generated maps were overlaid to produce the lake surface area changes map in the period 2000-2013.
Developing a New Approach for Surface Water Change Detection (NDWI-PCs)
As manual thresholding of several images is time consuming, a novel surface water change detection approach was developed and tested for detection of the lake surface area changes between five, four, three, and two different times, respectively. The proposed approach is based on Principal Components of multi-temporal NDWI (NDWI-PCs). A change detection method, based on Principal Components of multi-temporal NDMI (also known as NDWI Gao [40] ), was suggested by [41] for forest fire detection (NDMI-PCs). In the present study, the suitability of the NDMI-PCs was tested for detection of Lake Urmia surface area changes, but this method was found inappropriate for surface water change detection. Further investigation showed that the NDMI used in this method is not suitable for the extraction of surface water from Landsat data (see Table 3 ). Therefore, the performance of different satellite-derived indexes including NDWI, MNDWI, WRI, NDVI, and AWEI was examined for the extraction of surface water from Landsat data. The accuracy assessment analyses indicated superiority and higher performance of the NDWI compared with other indexes used for this purpose. Accordingly, the NDMI-PCs method was reformulated for surface water change detection through substituting the NDMI by the NDWI.
To perform the new NDWI-PCs approach, the NDWI was calculated from the multi-temporal Landsat data. Subsequently, the obtained NDWI images were stacked into one composite file.
The Principal Component Analysis (PCA) technique was then performed to transform the composite image into a new PCA space. Finally, the resulting Principal Components of multi-temporal NDWI (NDWI-PCs) were classified and analyzed for detection of the lake surface area changes. The thresholding technique, based on the trial and error method, was manually applied to classify the resulting PCs to detect the changes. The proposed approach was evaluated for detection of the lake water surface changes between five, four, three, and two different times, respectively.
In order to evaluate the effectiveness of the proposed approach for surface water change detection, different accuracy assessment analyses were performed. The performance of different methods to detect the lake surface area changes between 2000 and 2010 was first evaluated through calculation of the Absolute Error, as the difference between the changed areas detected using the applied method and the reference. In this respect, the lake surface area changes between 2000 and 2010 was calculated using each method and then the Absolute Error was calculated based on the reference change result. In addition, the Overall Accuracy, Kappa Coefficient, and Producer's and User's Accuracies (for change pixels) were calculated to support the accuracy assessment analysis.
Results
Once the required satellite data were obtained, the image pre-processing techniques were performed to prepare the images for further processing. The dataset after pre-processing are shown in Figure 2 . One image for the year 2003 was unavailable in USGS to cover entire the lake in this year. However, the missed area is too small compared with the total surface area of the lake and we tried to reduce the error by adding the missed area to the calculated area of the lake through a simple interpolation. 
Surface Water Change Detection Using the Most Suitable Technique
Different satellite-derived indexes including NDWI, NDMI, MNDWI, WRI, NDVI, and AWEI were examined for the extraction of surface water from the Landsat ETM+ 2000 and TM 2010 data. The Absolute Error, Overall Accuracy and Kappa Coefficient were calculated to assess the accuracy of the results. The lake surface areas in 2000 and 2010 estimated using the selected image-specific thresholds are presented in Table 3 . The accuracy assessment analyses are shown in Table 4 . The results show that the NDMI was incapable of extracting the water surface of Lake Urmia, while the NDWI and NDVI provided the highest accuracy results. It seems the errors in the results are mainly omission/commission of water pixels around the edges of the lake. The results further indicate the superiority and higher performance of the NDWI as compared with other indexes for the extraction of surface water from Landsat data. Accordingly, the NDWI was used to model the spatiotemporal changes of Lake Urmia in the period 2000-2013. For this purpose, the NDWI was calculated from the multi-temporal Landsat 2000 Landsat , 2003 Landsat , 2007 Landsat , 2010 , and 2013 images. The lake surface area in each year was extracted through the classification of the NDWI images using image-specific thresholds. Finally, the multi-temporal lake surface area maps were overlaid to produce the lake surface area changes map in the period 2000-2013 (Figure 3) . 
Surface Water Change Detection Using the New NDWI-PCs Approach
As the NDWI was assessed as the best water extraction technique, it was used to formulate the new principal components approach (NDWI-PCs). Table 6 outlines the applicability of the NDWI-PCs for simultaneously detecting the surface water changes of multi-temporal images. This approach was initially examined to detect the surface water changes between five different times, simultaneously. The results show that the NDWI-PC2, NDWI-PC3, NDWI-PC4, and NDWI-PC5 were incapable of detecting the changes. Nevertheless, the NDWI-PC1 was able to detect the changes from 
Accuracies, Errors, and Uncertainties
A comparative analysis was performed to assess the performances of different methods adopted in this study to detect the water surface changes of Lake Urmia between 2000 and 2010. The statistical results, as shown in Table high association between the changed areas detected using the NDWI-PCs, multi-temporal NDWI, and multi-temporal NDVI. Based on the reference change result, the NDWI-PCs approach underestimated the lake surface area change about 11 km 2 , while the change was overestimated about 9 km 2 and 13 km 2 using the NDWI and NDVI methods, respectively. The WRI, AWEI and MNDWI methods highly underestimated the lake surface area change between 2000 and 2010. Overall, the NDWI performed slightly better than the NDWI-PCs in detecting the surface water changes. Nevertheless, the NDWI-PCs have advantage over the NDWI in that it detects the surface water changes of two and three different times simultaneously by applying a single threshold to the selected PC. In contrast, the NDWI requires applying a threshold for each time to extract surface water, then subtracting the statistics to estimate the changes.
Discussions
The NDMI was developed for detection of vegetation water liquid, and thus would not be efficient for extraction of water features. The NDVI was developed mainly for separating green vegetation from other surfaces. However, it did perform well for surface water detection. The water features enhanced using the NDWI are often mixed with built-up land and the area of extracted water can be overestimated. The MNDWI was developed to modify the NDWI in detecting water features for water regions with backgrounds dominated by built-up land areas. The AWEI was formulated to effectively eliminate dark built surfaces in areas with urban background. In Lake Urmia, where there are no urban areas, the NDWI performed significantly better compared with the MNDWI and AWEI for the extraction of open surface water.
In this study, the NDWI performed significantly better compared with other indexes for mapping lake water surface using Landsat data. PCA is a useful technique for production of uncorrelated output bands, segregation of noise components, and reduction of dimensionality of data set. The present study integrated the advantages of both NDWI and PCA techniques to develop a new approach, named NDWI-PCs. The proposed approach has the advantage of simultaneously detecting the surface water changes of multi-temporal images (between two and three different times) through applying a single threshold to the selected PC. The NDWI-PCs could be useful in detecting the decreasing or increasing changes in any open surface water in the world, as the behavior of water is approximately similar in different regions and different satellite images with similar band wavelengths.
As shown in the study, Lake Urmia lost more than half of its surface area in the period 2000-2013 with half of this decline occurring between 2010 and 2013. If this trend continues, it is very likely that the lake will lose all of its surface area in the near future. This is very critical because the lake provides many benefits for the society and the people living in its surroundings. Therefore, appropriate measures need to be taken by policy makers to prevent further decline of the lake surface area and to restore the lake to its original condition. It is evident that constructing dams on the rivers flowing to the lake, excessive ground water exploitation, devoting water sources to agricultural, industrial and domestic uses, and long periods of drought have all reduced the surface area of Lake Urmia. Further, the changes to water supply and extraction from the catchment such as the changes in rainfall and agricultural land use over the time period should be investigated.
Conclusions
This study aimed to model the spatiotemporal changes of Lake Urmia in the period 2000-2013. Through a comparative analysis, the NDWI was selected and employed for this purpose. The results showed an intense decreasing trend in the lake surface area in the period 2000-2013, especially between 2010 and 2013 when the lake lost about 1425 km 2 (one third) of its surface area compared to the year 2000. The total change of the lake over the time period was about 2805 km 2 . If such a decreasing trend in Lake Urmia continues, it is very likely that the lake will lose its entire water surface in the near future. Furthermore, a new approach was introduced for surface water change detection which is based on Principal Components of multi-temporal NDWI (NDWI-PCs). The study demonstrated high performance of the proposed approach in simultaneously detecting the surface water changes between two and three image dates. In detecting the lake water surface change between 2000 and 2010, the NDWI-PCs approach achieved an Absolute Error of 11 km 2 , an Overall Accuracy of 99.86%, a Kappa Coefficient of 0.91, a Producer's Accuracy of 92.22, and a User's Accuracy of 90.67. This approach has advantage over other methods in that it detects the surface water changes of two and three different times simultaneously through applying a single threshold to the selected PC.
In conclusion, the proposed NDWI-PCs approach has been proven to be effective in detecting the water surface changes in Lake Urmia, Iran. Accordingly, the method may prove useful in studying other surface waters in the world as well as flood monitoring.
